Abstract: We used quantitative textural measurement, electron microprobe microanalysis and thermobarometry on clinopyroxene from a Cenozoic pyroxene-nephelinite flow located along the northern boundary of the West African craton to decipher magma differentiation processes in underlying magma chambers. The crystal size distributions of clinopyroxene phenocrysts show straight but also curved and kinked patterns and the clinopyroxene show large compositional variations in a single flow (Mg-number 48-88). These observations are strong evidence for magma mixing between a nephelinite magma and a more differentiated phonolitic melt at depth. Detailed thermobarometry on these clinopyroxene shows that at least three magma chambers are present below Saghro and that they are emplaced at the main physical interface within the lithosphere: (1) at the crust-mantle boundary, where the mantle-derived nephelinite has been mixed with a pre-existing phonolitic magma chamber; (2) at the lower-upper crust boundary; (3) close to the surface in a sub-volcanic magma chamber. Some high-pressure phenocrysts (up to 14 kbar) have also probably crystallized within the upper lithospheric mantle. The high clinopyroxene proportion in samples from the base of the flow is thought to reflect crystal settling during cooling of the nephelinite flow at the surface.
Lava flows at the surface are generally considered as simple, rather homogeneous geochemical systems. Nevertheless, complex crystallization histories before eruption can sometimes be recognized by the presence of complex zoning of phenocrysts, implying complex chemical evolution of the magma (fractional crystallization, assimilation, local disequilibrium) and/or changes in the physical conditions (pressure and temperature) during magma rise and solidification (Duda & Schmincke 1985; Dobosi 1989; Bachmann & Dungan 2002) . Phenocryst resorption is also strong evidence of solid -liquid disequilibrium during magmatic evolution (O'Brien et al. 1988; Streck et al. 2002) . Understanding the crystallization conditions of a magma before its eruption has many petrological consequences: the P -T conditions have a direct effect on the composition of the fractionating phases and thus on the geochemical evolution trend of the volcanic series (Grove & Baker 1984; Scoates et al. 2006) . The physical conditions that prevailed during the crystallization steps of the magma development are thus needed to model the magmatic evolution. In addition, the pressure of crystallization of the phenocrysts is directly linked to the depth of the magma chamber. A detailed thermobarometric approach to the phenocryst assemblage could then be used to infer the depth of the magma chambers beneath active or extinct volcanoes and, by extension, the depth of the main physical interfaces within the lithosphere (crust -mantle boundary, elastic -plastic intracrustal boundary, etc.).
We show in this paper that, by a combination of quantitative textural (crystal size distribution; CSD) and chemical (electron microprobe analysis; EMPA) studies on clinopyroxene phenocrysts coupled with thermobarometric investigations on a single Cenozoic nephelinite flow from the Djbel Saghro field (Morocco), the complete and complex evolution of the magma can be deciphered. We demonstrate that polybaric differentiation combined with magma mixing has a strong imprint on the compositional zoning of phenocrysts, and on the texture of the nephelinite rock itself. Also, latestage cooling of the magma at the surface has an effect on the distribution of phenocrysts within the flow.
Geological setting
The Saghro volcanic field is located at the eastern edge of the Saghro inlier in the Anti-Atlas of Morocco (Fig. 1) . The volcanic activity occurred in two periods during the Cenozoic (Berrahma et al. 1993) : the Late Miocene phase (9.6-7.6 Ma) was concentrated in the south and the Late Pliocene (c. 2.9 Ma) in the north. The Saghro volcanic field is as large (c. 1500 km 2 ) as the contemporaneous huge Sirwa stratovolcano (25 km in diameter) located further to the west but in the Saghro inlier. All Cenozoic volcanic exposures (lava flows, necks and minor pyroclastic deposits) are of small extent.
The chemistry of the erupted lavas is typically bimodal, consisting of silica-undersaturated nephelinites and phonolites. A single exposure of intermediate lava with phono-tephrite composition is known (Ibhi 2000, and our unpublished data) . The Saghro suite of lavas is peralkaline in overall composition and is associated with a carbonatitic magmatism expressed as carbonatite xenoliths in the nephelinites (Ibhi et al. 2002) .
The geodynamical event responsible for the onset of this alkaline magmatism is still debated. Considering that the Saghro volcanic field, the Sirwa stratovolcano and the Canary Islands are located on the same structural line, some workers (Hoernle & Schmincke 1993) have related this volcanism to a mantle plume rising from the base of the upper mantle. In contrast, others (Liégeois et al. 2005) , taking into account the fact that the Cenozoic alkaline magmatism of Morocco, and of West Africa as a whole, occurred along Pan-African or Variscan structures reactivated during the Alpine orogeny, have related the volcanism to the paroxysmal events of the Africa -Europe convergence. The Saghro and Sirwa volcanic fields are located along the northern boundary of the West African craton, just to the south of the current High Atlas mountain range.
We focused our investigations on a 12 m thick flow of pyroxene-nephelinite from Foum el Kous (Fig. 1) . This lava flow rests upon a contemporary flow of olivine-nephelinite itself covering continental Cretaceous sediments. The eruption of the pyroxene-nephelinite flow has been dated at c. 2.9 Ma (whole-rock K -Ar, Berrahma et al. 1993) . 
Sample description and whole-rock composition
Under the microscope the nephelinite lava flow consists of phenocrysts of Ti-augite, olivine and minor Ti-magnetite in a fine-grained groundmass dominated by clinopyroxene, nepheline and Ti-magnetite, with accessory apatite, biotite and perovskite. Olivine phenocrysts (,1 mm) are generally resorbed with corrosion gulfs and partial iddingsitization of their borders. The phenocrysts are unzoned with the notable exception of clinopyroxene, which displays complex zoning patterns. Four types of clinopyroxene have been recognized on a textural basis.
Type 1 clinopyroxenes are zoned euhedral crystals (.700 mm) with dark greenish brown cores surrounded by light brown mantles and thin dark brown rims ( Fig. 2a and b) . The central dark core is always anhedral to subhedral and exhibits complex zonations. It contains mineral (biotite, amphibole) and abundant fluid inclusions. Groundmass minerals (nepheline, Ti-magnetite and apatite) are present as inclusions at the contact zone between the dark core and the light mantle zone. The latter is unzoned, but in some samples it evolves gradually towards dark rim, which also contains numerous inclusions of the groundmass minerals.
Type 2 clinopyroxenes are small (,500 mm), euhedral, complexly zoned crystals with green cores ( Fig. 2c and d) . The complete succession of zones is: in the centre, an anhedral green core with numerous inclusions of the groundmass minerals, rimmed by an anhedral dark green part, itself surrounded by a light brown mantle, and finally a thin rim of brown clinopyroxene with numerous inclusions of nepheline, Ti-magnetite and apatite.
Type 3 clinopyroxenes are small (,500 mm) light brown phenocrysts with tabular shapes (Fig. 2e) . They rarely exhibit sector zoning but have a distinct core and rim. In contrast to the core, which is free of inclusions, the dark brown augitic rim has numerous inclusions of the matrix minerals. The border of the crystals sometimes shows resorption features marked by corrosion gulfs filled with matrix minerals (clinopyroxene, nepheline, Ti-magnetite).
Type 4 clinopyroxenes (50 and 200 mm) are groundmass phases with granular or acicular habits. They are in textural equilibrium with the other matrix minerals and sometimes contain inclusions of Ti-magnetite, apatite, nepheline and perovskite.
One of the most striking features of this lava flow is the presence of numerous megacrysts. Amphibole and olivine have been observed (Ibhi 2000) but clinopyroxene is by far the most abundant. These clinopyroxene megacrysts are euhedral to subhedral, but occasionally only the relicts of larger broken crystals are preserved (Fig. 2f) . They are fractured and rich in fluid inclusions but they are not zoned, nor do they have mineral inclusions, except for a thin rim of darker clinopyroxene containing inclusions of the groundmass minerals.
Xenoliths are abundant; they are generally rounded and do not exceed 5 cm. They are mainly monomineralic clinopyroxenite with accessory biotite, apatite and olivine, but subordinate mantle peridotites and carbonatites have been found (Ibhi et al. 2002) . The xenoliths generally show equilibrated medium-grained granular texture. The clinopyroxene is zoned and has a dark core and a light brown rim. The clinopyroxene from the xenoliths contains numerous small vitreous inclusions that probably formed during the strong temperature increase undergone by the pyroxenites during their ascent in the host lava.
The whole-rock composition of the flow is rather homogeneous (Fig. 3) . It falls in the foidite field of the total alkalis-silica (TAS) diagram (Le Maitre 2002) , and the presence of modal and normative (14 wt%) nepheline together with the dominance of clinopyroxene as phenocrysts define this rock as a pyroxene-nephelinite. The total alkali content is high (4-5 wt%) for a relatively low SiO 2 content (39 wt%). The high Mg-number (63-64) of the nephelinite confirms its primitive character compared with the whole series of the Saghro volcanic field (Ibhi et al. 2002, and our unpublished data) .
Quantitative textural analysis: crystal size distribution of clinopyroxene
Methods
The crystal size distribution (CSD) analysis was made on thin-section photomicrographs obtained with an optical microscope. The crystals were outlined using computer-aided design software and the drawing was exported as a black and white bitmap file. The size of the phenocrysts was measured with the 'SPO' software (Launeau 2004; Launeau & Robin 2005) . With this method, each grain of the digitalized thin section is positioned, outlined and represented by an ellipse and a box (inertia tensor method). The measure used for the CSD analysis is the length of the ellipse major axis for each grain (200 -500 grains per sample; the smallest measured grains are in the range 0.15 -0.2 mm). The CSD 2D size data from the binary image were converted into volume data by applying stereological corrections based on the Schwartz -Saltikov algorithm (De Hoff & Rhines 1972 ). This procedure (Hammer et al. 1999) does not cause artefacts such as the pronounced reduction of the scatter of data observed for the method proposed by Peterson (1996) . Stereological corrections based on the Schartz-Saltikov algorithm, as adopted by Armienti et al. (1994) and Higgins (2000) , have been carefully tested against real and theoretical cases; they represent a satisfactory solution in most cases of petrological investigation. The CSD parameters used in this work were obtained using the software 'CSDcorrection1.36' (Higgins 2000 (Higgins , 2002 .
The data were plotted, following general convention (Marsh 1988) , as linear crystal size v. population density (ln(n) (cm 24 ) v. L (cm)); a log 10 based scale with 4-8 bins per decade was used. Ten samples from the core and the lower border of the flow were selected for this purpose. The main parameters of the CSD analysis on these samples are shown in Table 1 .
Results
Most of the plotted CSDs for the clinopyroxenes are straight or slightly curved but, in detail, three types of distribution can be recognized: (1) six samples have straight to slightly concave-upward curved CSD patterns (Fig. 4a) ; (2) three samples have a more pronounced curvature ( Fig. 4b ): the CSD is straight for the small crystals (,0.1 cm, corrected grain size) and shows a pronounced concaveupward pattern for larger grains (.0.1 cm); (3) one sample has a 'kinked' CSD pattern ( Fig. 4c) characterized by a steep slope for smaller grains (,0.1 cm) and a more gentle slope for larger sizes (.0.1 cm), with a gap between the two populations.
The curved CSDs are best interpreted as mixing of two populations of crystals with contrasted crystallization histories. Higgins (1996) and Peterson (1996) have shown that mixing of two populations of crystals, each characterized by contrasting slopes in CSD patterns, can produce a slightly curved CSD. The kinked CSD pattern presented in Figure 4c can be divided into two parts: a slightly concave-upward curve similar to the curved CSD presented above and a population of large crystals identified as broken megacrysts. The first concave population, with a steep negative slope in the CSD diagram, is rich in small grains. It corresponds to the tabular euhedral unzoned small phenocrysts (type 3) mixed with small amounts of type 1 and 2 phenocrysts. The regressed CSD line of the slightly concave-upward curve has a slope between 243 and 296 cm 21 and an intercept between 12.5 and 16.2 cm 24 . The population of large clinopyroxenes, with a more gentle negative slope has a lower intercept, corresponds to a few large clinopyroxenes interpreted as megacrysts that show the same composition as type 1 phenocrysts. The CSD analysis of the few large crystals with kinked CSD patterns gives a slope around 230 cm 21 . The regressed slope and intercept of all CSDs are negatively correlated (Table 1) . In a classic CSD diagram the regressed lines define a fan (not shown here ; Resmini 1993; Zieg & Marsh 2002 ). However, following Higgins (2002) , this correlation is not necessarily meaningful, because of the closure limit effect, and a diagram of characteristic length v. clinopyroxene modal proportion would give more information on geological processes. CSD regression parameters calculated on straight CSDs and small (usually ,0.1 cm) clinopyroxene populations of curved and kinked CSDs are plotted in Figure 5 . The characteristic length of augite phenocrysts is negatively correlated with the modal proportion. The samples from the base of the flow have the highest clinopyroxene content (17-22 vol%) but generally low characteristic length (,0.013 cm).
Mineral chemistry: focus on clinopyroxene
The data have been acquired on a Cameca SX100 electron microprobe at the CAMPARIS section of the Paris VI University. The operating conditions were 10 nA for the beam current, 15 kV for the accelerating voltage and 10 s counting time per element. Corrections of the raw data were made using the PAP method of Pouchou & Pichoir (1984) . Typical accuracy is close to 1% for oxides with concentration .1 wt% and around 10 wt% for elements with contents ,1%. Unzoned olivine phenocrysts have Mg-numbers between 82 and 87 for the entire flow. Groundmass nepheline shows a restricted compositional range of Ne 68 -73 Ks 26 -31 Q 0 -3 and the Ti-magnetite has 11 -16 wt% of TiO 2 with rather high MnO and MgO contents (1-2 and 3-6 wt%, respectively). Minor amounts of Nb-Zr-REE-rich perovskite and fluorapatite are present in the groundmass but they have not been quantitatively analysed.
The clinopyroxene chemistry
The chemistry of the Saghro clinopyroxenes (Table 2 ; Fig. 6 ) is directly linked to their aspect and texture. The dark brown cores (type 1) are Tiand Al-rich augite that can be distinguished by their high Al and Ti content, high VI Al/ IV Al ratio and rather low . This compositional range is the same as those of the megacrysts and the clinopyroxene in pyroxenite xenoliths. Their high Al (0.3-0.5 p.f.u.) content and VI Al/
IV
Al ratio point to a high pressure of crystallization (Aoki & Shiba 1973) . These pyroxenes also have low Cr 2 O 3 contents (,0.33 wt% Cr 2 O 3 ), similar to high-pressure pyroxenes from alkaline lavas (Schulze 1987 there is a drastic increase of Mg content and a concomitant drop in Al and Fe contents from the core to the mantle zone. Na and Ti contents do not vary significantly in the two parts of the phenocrysts. The zoned clinopyroxene with green core (type 3) has a slightly higher Fe content than the other pyroxenes; it corresponds to an Al-Fe augite. The Mg-number is low (45 -65) whereas the Na, Al and Ti contents are high (.0.3, 0.03 -0.1 and 0.06 -0.12 p.f.u., respectively). Here also, the high VI Al/ IV Al ratio is indicative of a high pressure of crystallization. A close examination of the microprobe traverse (Fig. 7b) shows that four zones are present: a green core with 0.3-0.4 p.f.u. Fe, a green external core characterized by much higher Fe and Al contents (both up to 0.5 p.f.u.), a light 
Thermobarometry
Two methods have been used here to quantitatively estimate the crystallization pressure.
The first method is the structural barometer of Nimis & Ulmer (1998) ; this has the advantage of being composition independent and avoids the problems of cpx-melt disequilibrium. Exact knowledge of the equilibrium melt composition is not required but the type of melt has to be known (anhydrous v. hydrous, tholeiitic v. alkaline, etc.). The presence of hydrated minerals (amphibole and biotite) in the megacrysts and in the xenoliths together with the 2.5 wt% value of the whole-rock loss on ignition (LOI) argue for a significant water content of the parental magma. In consequence, the barometer calibrated for hydrous basaltic compositions has been used (the anhydrous calibration was tested but the results were significantly too low, ,5 kbar).
The second method is the barometer based on clinopyroxene-liquid equilibrium (Putirka et al. 2003) ; it was not applied to phenocrysts with Mg-number ,70 because of evident disequilibrium with the nephelinite melt composition. In this barometer, the relation between the composition and the pressure was established by minimizing the Gibbs free energy at equilibrium, assuming an ideal behaviour of the components. This barometer covers a wide compositional range, from silica-undersaturated to silicic melts, including alkali-rich lavas. However, it requires an independent estimation of the temperature. For that purpose, the pyroxene solvus thermometer of Lindsley (1983) was used. As the content of nonquadrilateral components (Al, Ti, Na) is high in the Saghro clinopyroxenes, the error on the temperature calculation is .50 8C (Lindsley 1983) , approaching 100 8C (the error increase is about 5 8C per mol% of non-quadrilateral components).
For the pyroxene megacrysts, the pyroxenes of the xenoliths and the dark brown cores of phenocrysts (type 1), the data cluster between 1000 and 1200 8C, with most values between 1100 and 1200 8C. This result is consistent with those of previous studies on clinopyroxenes from alkaline lavas (Bondi et al. 2002; Damasceno et al. 2002) . The light mantle overgrowths and the small phenocrysts (types 2 and 3) have crystallization temperatures in the same range, or slightly lower, around 1100 8C. The groundmass pyroxenes (type 4) and the rims of phenocrysts have crystallized at significantly lower temperatures, below 1000 8C, with a mean value close to 950 8C.
Concerning pressure, to handle the large number of values calculated and taking into account the large errors inherent in the geobarometers used (+2.6 kbar, according to Nimis & Ulmer 1998) the results have been treated statistically. Histograms of crystallization pressures are presented in Figure 8 for the two barometers.
Pressure estimates from the structural barometer for the dark brown cores of type 1 clinopyroxene, green cores of type 2, megacrysts and xenoliths range between 7 and 14 kbar, with a peak between 9 and 10 kbar (mean 9.9 +1.6 kbar; the presented error is the standard deviation on the population of measured pressures).
The light mantle surrounding the core of phenocrysts and the small phenocrysts (type 3) have crystallization pressures between 3 and 9 kbar, with a peak between 5 and 6 kbar (mean 5.9 +1.9 kbar). The cpx -liquid barometer (Putirka et al. 2003) gives a slightly lower mean value (mean 4.6 + 1.5 kbar), but this is similar within error limits to type 3 clinopyroxenes, although the distribution appears to be bimodal with one cluster between 3 and 4 kbar and another between 6 and 7 kbar. Groundmass clinopyroxene and the phenocryst rims (type 4) have significantly lower crystallization pressure (0-4 kbar) with a mean of 1+1.1 kbar. In detail, the crystallization pressure of the type 4 pyroxenes also seems to be bimodal, with one cluster around 0 kbar (surface conditions) and another between 2 and 3 kbar. The calibration of Putirka et al. (2003) either gives low values (,2 kbar) for groundmass clinopyroxene (type 4) or is unable to calculate a pressure. This is due to the very low content in the jadeite end-member (close or equal to zero) in the groundmass pyroxenes.
Discussion

Polybaric differentiation and the level of magma chambers
The high-Al augite (cores of type 1 and 2) of the nephelinite flow is characterized by high VI Al/ IV Al ratio and has generally the same composition as the pyroxenes from the xenoliths and the megacrysts. Pressure estimates for these clinopyroxenes are around 10 kbar, but a higher pressure has been obtained for one sample (up to 14 kbar). The geophysical modelling of the Anti-Atlas lithosphere (Teixell et al. 2005) has revealed a crustal thickness of 36 km. Considering a density of 2750 kg m 23 for the upper crust and 2930 kg m 23 for the lower crust and respective thicknesses of 23 and 13 km (Teixell al. 2005) , the calculated pressure is 6.1 kbar at the base of the upper crust and 9.8 kbar at the crust-mantle boundary. The high-Al augite thus represents fractionation products of the nephelinite magma in a magma chamber located close to the Moho. Some megacrysts may even have crystallized at higher pressure (c. 14 kbar) in the mantle at a depth of about 50 km. Considering that the base of the lithospheric mantle is at c. 60 -70 km (Teixell et al. 2005) , this depth could correspond to the depth at which the lithospheric mantle becomes ductile; that is, at the transition between the mechanical boundary layer and the thermal boundary layer (MBL-TBL transition).
Crystallization pressure of the small phenocrysts (type 3) and of the light mantle surrounding high-Al cores are around 6 kbar, a pressure that closely corresponds to the depth of the upper-lower crust boundary. We can then ascribe a second magma chamber to this physical boundary (Fig. 9) . The low-Al augites from the groundmass and the thin rims of the phenocrysts have crystallized at very low pressure (0-1 kbar), in a subvolcanic magma chamber or at the surface, after eruption of the nephelinite flow. The P estimates summarized in Figure 8 seem to suggest a continuous range of pressure from 14 to 0 kbar for clinopyroxene crystallization instead of the three discrete stages as discussed above. However, a close examination of the phenocryst zonations shows that the contacts between the zones are sharp from both the chemical and optical points of view. Pressure computed from the composition along a microprobe traverse in a type 1 phenocryst also shows that the core has crystallized at high pressure (10 kbar) and the mantle at about 5-6 kbar with no intermediate value. The apparent continuous pressure range is thus most probably an effect of the uncertainties inherent in the structural barometer (+2.6-3.0 kbar; Nimis & Ulmer 1998) and in analytical errors. We can thus infer the presence of magma chambers at three or maybe four structural levels beneath the Djbel Saghro volcanic system: just below the surface, at the upper -lower crust boundary, at the crust -mantle boundary, and possibly within the lithospheric mantle, at the MBL -TBL boundary. However, whether there are several magma chambers or only one at each structural level for the Saghro volcanic field as a whole (1500 km 2 ) has not yet been assessed. Evidence for multi-chamber magmatic differentiation is common in alkaline volcanic series (Woodland & Jugo 2007) . Beneath the Sirwa volcano (Bondi et al. 2002) , the high-Al diopside is thought to have crystallized in a deep magma chamber, at the crust -mantle boundary. In the Fig. 9 . Schematic sketch representing the location of the magma chambers in the lithospheric cross-section, the textural evolution of the clinopyroxene phenocrysts during their ascent to the surface and the related CSD patterns.
Kerguelen archipelago, a detailed study of clinopyroxenes has revealed three magma chambers emplaced at the levels of the physical boundaries in the crust (Damasceno et al. 2002) . This is also the case for the Saghro lavas.
The interaction between the Mg-rich mantlederived nephelinite and a phonolitic melt at the base of the crust probably enhanced the rapid ascent of the mafic melt towards the magma chamber situated at the Conrad discontinuity (Woodland & Jugo 2007) . The mixing between two magmas of contrasted compositions presumably led to the uptake of the differentiated Al-and Fe-rich phenocrysts and megacrysts from the phonolitic magma chamber in the nephelinite magma.
In areas for which geophysical data are not available, this barometric approach on clinopyroxenes could be a powerful tool to estimate the depth of the most important interfaces within the lithosphere, in active or recently extinct volcanic fields.
CSD analysis: evidence for magma mixing and crystal settling
The CSD of clinopyroxene phenocrysts shows three types of patterns. Samples with straight CSDs are devoid of high pressure (HP; c. 10 kbar) crystals. Curved and kinked CSDs are a mixture between two populations of clinopyroxene: (1) types 1 and 2 pyroxenes with Fe-and Al-rich cores that crystallized at around 10 kbar and (2) type 3 Mg-rich brown augite forming either light mantles around high-pressure cores or unzoned phenocrysts (or megacrysts) that crystallized at medium pressure (MP; c. 0.6 kbar). The population of MP phenocrysts (population A, Fig. 9 ) has a steep slope in CSD diagrams whereas pyroxenes with HP cores (population B) have CSDs with more gentle slopes. In CSD diagrams (Figs 4 and 9) , the transition between the two populations corresponds to a size around 0.1 cm. The difference between the curved and the kinked CSDs probably results from the different percentages of the two populations in a given sample and from the contrast of size between the two CSD populations. In fact, the transition between the two CSD populations is progressive; there is a continuous range of grain sizes. Following Higgins (1996) and Peterson (1996) , a curved CSD would correspond to a mixture of population A grains (type 1 pyroxene) with only a small amount (1-5 vol%) of population B grains (type 1 and 2 phenocrysts). The kinked CSD represents samples in which only a few very large crystals (broken megacrysts, up to 0.4 cm) with HP cores are present in a matrix of smaller MP phenocrysts. The gap between the two parts of the kinked CSD represents the lack of crystals with intermediate sizes (0.1 -0.25 cm). Similar conclusions have already been drawn on textural analysis of megacryst-bearing granitoids (Higgins 1999) . Even if only three large crystals are present, they account for a significant part of the CSD because they occupy a large modal volume (up to 7 vol%), forming their own CSD with a gentle slope. The CSDs in our samples are the witness of an important process of crystal mixing of two populations with contrasted composition and pressure of crystallization (Fig. 9) .
The steeper CSD (measured on clinopyroxene populations ,0.1 cm) of the three samples collected at the base of the flow cannot be explained as the result of faster cooling rates at the base of the flow (Zieg & Marsh 2002 ) because clinopyroxene phenocrysts were already present in the magma before eruption (the small phenocrysts have crystallized at around 6 kbar). Moreover, the Bagnold effect cannot account for the steeper slope and high modal proportions observed in the lowermost samples, because this will displace most of the crystals toward the core of the flow, where magma velocities are higher (Nkono et al. 2006 , and references therein). As a result, the base of the flow will be crystal poor and this does not fit with our observations. We propose that the higher clinopyroxene modal proportions towards the base of the flow are the result of crystal settling during cooling of the nephelinite flow at the surface; such observations have already been made at the base of thick andesitic flows (Higgins 2002) .
Evidence for mixing between phonolite and nephelinite
A characteristic of the studied nephelinite flow is the wide compositional range of its pyroxenes. The high variability of clinopyroxene suggests that most of them are in disequilibrium with the host nephelinite liquid. Fe-Mg exchange coefficients between clinopyroxene and liquid (K d ) vary from 0.1 to 0.49 in most crystallization experiments (0.01 -110 kbar; 800-1800 8C in basic to silicic melts; Putirka et al. 2003 ). An average K d value of 0.27 + 0.06 is in agreement with most experiments (Putirka et al. 2003 ; see references given by Scoates et al. 2006) . The pyroxenes in equilibrium with the Saghro nephelinite liquids (Mg-number 62 -70) should have an Mg-number between 80 and 92. This implies that the pyroxenes with Mg-number , 80 have crystallized from more evolved Fe-rich melts. Only the groundmass pyroxene, the rim of the phenocrysts and the small euhedral unzoned phenocrysts (including the light mantle overgrowths surrounding the HP cores) seem to be in equilibrium with the host rock. The green augite forming the core of some clinopyroxene phenocrysts (types 1 and 2) is also too Fe-rich to be in equilibrium with the nephelinite. As no other peralkaline magmatic activity is documented in the area, the low Mg but Fe-and Al-rich green augite cannot be a xenocryst from the surrounding rocks and must be contemporaneous with the nephelinite magmatism. Its low Mg-number suggests that it was probably in equilibrium with a phonolitic liquid (Fig. 10) . The brown high-Al Ti-augite forming the core of some phenocrysts as well as pyroxene megacrysts and those from pyroxenite xenoliths have a composition intermediate between the augite from the phonolite and that from the nephelinite. We can conclude that these phenocrysts have crystallized from a melt that probably formed by mixing of a phonolite and a nephelinite. Indeed, only one exposure of intermediate magma has been found in the Saghro area and field evidence (presence of mafic volcanic enclaves in a more felsic matrix) suggests that this lava was formed through the mechanical mixing between two different magmas. Such a model is reasonable, as magma mixing is also thought to play an important role in the genesis of the nephelinite-phonolite bimodal associations (Duda & Schmincke 1985; Gwalani et al. 2000) . The nephelinite magma has been mixed with a more evolved melt of phonolitic composition at the level of the Moho discontinuity. There is thus a need for a magma chamber of phonolitic composition at the Moho. The first clinopyroxene in equilibrium with the nephelinite (type 3 pyroxene represented by population A in CSDs) crystallized only at 6 kbar, at the upper -lower crust interface. The interaction between the nephelinite magma and the phonolitic magma probably produced rapid ascent of the nephelinite melt towards the lower -upper crust boundary, where it began to crystallize MP, Mg-rich clinopyroxene phenocrysts. Magma mixing is indeed one of the proposed factors to explain rapid ascent of magma from a deeper level; it thus allows the uptake of xenocrysts, megacrysts and xenoliths to the surface (Woodland & Jugo 2007) .
Conclusion
The crystal size distribution (CSD) of clinopyroxene phenocrysts in a single nephelinite flow of the Saghro volcanic field (Morocco) suggests that at least two populations of augite phenocrysts coexist. The curved and kinked CSD patterns can be modelled as the mixture of two straight CSDs: a population of small phenocrysts of brown clinopyroxene (,0.1 cm) and a population of large augites (.0.1 cm) characterized by dark brown to green cores. The thermobarometric investigations show that the two populations have not crystallized at the same depth. The first population comes from a magma chamber at the upper -lower crust boundary (6 kbar) and the second population corresponds to the relicts of the high-pressure fractionation of the magma, at the Moho discontinuity (10 kbar). In addition, a few crystals give a still higher pressure of 14 kbar, suggesting crystallization within the lithospheric mantle, at the MBL -TBL boundary. Groundmass clinopyroxene probably crystallized during flow emplacement but the existence of a subvolcanic chamber cannot be excluded.
The various clinopyroxenes observed in a single nephelinite flow indicate the presence of four magma chambers, each located at rheological discontinuities of the local lithosphere: (1) at the brittle -ductile transition within the lithospheric mantle; (2) at the mantle -crust transition; (3) at the brittle-ductile transition within the crust; (4) at the lithosphere -atmosphere transition. The pressure determined for these four structural levels (respectively 14, 10, 6 kbar and c. 1 kbar) is in agreement with geophysical modelling. In addition, these magma chambers are close to a vertical lithospheric structure corresponding to the transition between the northern boundary of the West African craton (Ennih & Liégeois 2001) and the Jurassic palaeorift of the High Atlas mountains. The wide range of clinopyroxene compositions in a single nephelinite flow and the mixing of the two crystal populations suggested by the CSD analysis demonstrate that magma mixing between a phonolitic melt and a nephelinitic melt plays an important role in the genesis of the Saghro bimodal peralkaline lava suite. The detailed approach that we use in this study is potentially applicable to many active volcanoes. It could be used to monitor active volcanic fields by investigating the depth of the subsurface and deep-seated magma reservoirs. 
